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Laboratory Tests Assist in the Selection of Materials 
Suitable for Use in Mud Jack Operations 


Reported by A. M. WINTERMYER, Assistant Highway Engineer, Division of Tests, United States Bure 


N THE routine procedure for testing subgrade soils 

which has been described previously,’ it was desired 

to include tests sufficient in number and varied 
enough in character to identify all of the various soils 
apt to be encountered in highway construction in all 
parts of the country and place each soil in the proper 
subgrade group as indicated by its physical charae- 
teristics. 

Much of the soil testing is now done for one of the 
following purposes: (7) Determining the suitabihty of 


au of Public Roads 


tinl features of an investigation of the suitability of 
soils for special purposes 


MATERIALS FOR MUD JACKING MUST HAVE CERTAIN 
CHARACTERISTICS 


\ satisfactory mixture of soil, portland cement, and 
water for use in raising settled areas of road surfaces by 
mud jacking (see fig. 1) must be of such a character that 
it can be readily forced through the mud jack. [It must 
possess qualities which will enable it to spread freely 





FIGURE 1 Low PLaceE in CONCRETE PAVEMENT BEING RAISED 1 


soil or soil material for some particular use such as 
binder in sand-clay and gravel roads, filler in bituminous 
road surfacing or soil for mud jack operations; (b) dis- 
tinguishing between the good and the undesirable 
varieties of individual groups of surfacing materials 
such as limerock, caliche, shale, ete.; (¢) identifving the 
properties of materials such as rock powders, diato- 
maceous earths, bentonites, ete., which, as admixtures 
nay assist in the stabilization of both subgrades and 
soil road surfaces. 

ln testing materials for a special use the tests may be 
limited to those required to disclose «the particular 
characteristics essential for the particular use. Studies 
to determine testing procedure consist of three distinct 
steps as follows: 

Analysis to determine what Is to be required of 

the material for the use intended. 

6 Determination of the dominating characteristics 
Satisiving these requirements. 

Selection of the particular tests best suited to 
sh the desired information on these dominating 
characteristics. 

The following suggested procedure in the study of 
soils for use in mud jack operations illustrates the essen- 


furni 


_' Rey 


n Subgrade Soil Studies, reprinted from Public Road 12, nos. 4, 5, 
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O GRADE BY Mup JACKING. 


over the subgrade as the separation between the road 
surface and subgrade increases during the pumping 
operation, and it must prevent appreciable settle- 
ment of the raised area of pavement after the pumping 
operation 

The mixture must be sufficiently plastic to permit its 
being forced readily through the pump and the hose 
connecting the pump with the opening in the pavement. 
Such a state of fluidity may be obtained with a variety 
of mixtures ranging from the smoothest cohesive pastes 
to those which have an appreciable degree of harshness. 
All of the mixtures which are fluid enough to perform 
satisfactorily in the pump, however, may not be capable 
of spreading to the desired extent over the subgrade. 
This is because the conditions controlling the spread of 
the mixture over the subgrade differ somewhat from 
those controlling the flow of the mixture through the 
pump and hose 

In passing through the pump and hose the mixture 
is confined to a definite channel of comparatively large 
size and only the proper combination of pump pressure 
and fluidity of mixture are required. When the paste 
reaches the subgrade, however, its flow is not restricted 
to any particular cross section. It is free to form in 
layers whose ratios of thickness to area of distribution 
depend to a very considerable extent on the frictional 


IN] 





ee 


182 PUBLIC ROADS 


resistance of the subgrade and the under face of the 
road slab which bound the shallow openings penetrated 
by the paste. 

The smaller this ratio, the more uniform is the slab 
support both during and subsequent to the pumping 
operation. As the ratio increases there is an increasing 
tendency of mixtures to accumulate under certain slab 
areas, especially at the location where the paste is forced 
through the pavement. 

The frictional resistance depends not only on the 
characteristics of the subgrade and the under side of 
the road slab but also upon the harshness of the paste. 

The more cohesive mixtures spread most readily in a 
thin layer over a large area. With increasing harshness 
of mixtures there is an increasing tendency for the paste 
to form in accumulations leaving unsupported areas 
which are productive of cracking. 

Harshness of mixture affects the frictional resistance 
of pump and hose but within the range of mixtures 
having the desired fluidity, the difference in harshness 
has but little practical significance, insofar as the 
pumping operation is concerned. Mixtures not suffi- 
ciently fluid are objectionable primarily because of 
their tendency to jam in the pump but they may also 
contribute to unsatisfactory distribution under the 
slab. Harsh mixtures are objectionable primarily be- 
‘ause of their tendency to accumulate under limited 
slab areas and it is possible for them to be harsh enough 
to jam in the pump. Mixtures having harshness 
sufficient to jam in the jac k are easily recognized and 
should be discarded. Experience indicates that a 
mixture considered by an experienced operator to be 
sufficiently fluid for use in a pump will spread satis- 
factorily over the subgrade. 

Raised areas of pavement may settle after the 
pumping ceases as a result of several causes. The 
weight of the pavement may cause the viscous paste to 
flow out as soon as the pump stops or the paste may 
shrink on loss of moisture. The paste or soil mixture 
must be stable enough to support the pavement and 
loads produced by traffic immediately after pumping 
ceases and must resist shrinking upon loss of moisture. 

The essential qualifications of a mixture for use in 
mud jacking can be stated as follows: 

The paste should be fluid enough to be readily 
pumped. 

It should be free enough from harshness to spread 
to the desired extent over the subgrade. 

3. The paste, even in the high state of fluidity 
required for satisfactory performance in the pump, 
must not be subject to detrimental shrinkage upon loss 
of moisture. 

The paste, after 
change 
state to one which is stable enough to resist lateral flow 
under considerable pressure. 


being properly placed, must 


CHARACTERISTICS OF SUITABLE MATERIALS STATED 


The fluid paste-forming properties of a mixture are 
furnished by the finer soil particles which comprise 
the silt and the clay fractions. Sand increases the 
stability of the mixture and reduces the shrinkage 
upon drying. The harshness of the mix is furnished 
by the sand fraction. Generally, the larger the sand 
particles or the higher the sand content, the harsher 
will be the soil paste. 

A sufficient amount of sand to furnish all of the sta- 
bility required at the conclusion of the pumping would 


rapidly from a highly fluid, smooth-flowing | 


introduce harshness so great that the mixture could not 
be forced through the pump. It is not possible to use 
enough sand to eliminate all detrimental shrinkage. 

A rapid increase in stability and elimination of detri- 
mental shrinkage must be obtained with an admixture 
capable of permanently stabilizing the mixture to the 
datieed extent. Portland cement, when added in suf- 
ficient amount, serves well for this purpose. 

Studies of topsoil roads indicate that the presence ol 
coarse sand particles (those retained on the no. 60 
sieve) contributes to the hardness of a soil surface and 
increases its resistance to abrasion. When abrasive 
action is absent, fine sand particles (those passing the 
no. 60 sieve) may be just as efficient as coarse sand in 
stabilizing the soil structure. The harshness caused 
by fine sand is materially less than that caused by 
coarse sand. Therefore, fine sand seems better than 
the coarse sand for use in mud jack ope ‘rations. 

A suitable soil must be of sue h character that it wil! 
slake readily in water to form a mixture of uniform 
consistency. It must be free from glue-like colloids 
which do not soften readily when mixed with wate: 
and are productive of objectionable packing of th 
mixture in the mud pump. 

Soil for use in mud jacking should consist of fine 
sand, silt, and clay in such proportions that the paste 
formed from the silt and clay will completely encom- 
pass all of the sand particles so as to eliminate detri- 
mental harshness of the mixture. The silt and clay 
fraction should be free of gluey colloids productive o! 
high-water capacity, high plasticity, and excessiv: 
shrinkage and, in addition, should be of the inactiv: 
character required to form a paste of the desired con- 
sistency and smoothness with minimum additions o! 
water. 

Generally, the greater the shrinkage properties o 
the soil, the larger will be the cement admixture re 
quired to prevent excessive shrinking. Admixture o! 
cement oulieiont to accomplish this purpose is cor 
sidered sufficient to prevent detrimental flow of th 
paste after placing 

TESTS SHOULD BE SELECTED WHICH WILL DISCLOSE DESIRED 

CHARACTERISTICS 

The tests selected for studying the properties 0 
the mixtures under discussion should furnish infor 
tion on the following: 

(a) The grading of the materials. 

(6) The shrinkage properties of tae mixture 

(c) The character of the fine fraction of the soil 

The fluidity of the mixture. 
The harshness of the mixture. 

The mechanical analysis, the shrinkage limit, tl 
liquid limit, and the preparation of flow curves of s 
are suggested as complying with these requirements 

Complete information on mechanical analysis, t!\ 
shrinkage limit, the liquid limit, and_ flow curves 
has been given in previous reports.? Therefore, (le 
tests are referred to but briefly in this report Phe 
essential features of the mechanical analysis are well 
understood and require no discussion. Result= 0! 
mechanical analyses are shown graphically in figure - 

The shrinkage limit is defined as the moisture 
content at which further evaporation does not produce 
further decrease in the volume of the soil. As wate! 
evaporates from a soil mixture, capillary tension 
acting like a taut skin on the surface of the soil !iass 


2 Reports on subgrade soil studies, reprinted from Public Roads vo 





5,7,and 8, and Research on the Atterberg Limit of Soils, Public Roads, Ss 
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FIGURE 2 RESULTS OF MECHANICAL ANALYSIS OF SOIL SAMPLES 
SHOWING CUMULATIVE PERCENTAGES BY WEIGHT. 


gradually draws the soil particles closer togethe1 
until the shrinkage limit is reached. At this moisture 
content the resistance of the soil to further compression 
just equals the force exerted by the evaporating moisture 
Below the shrinkage limit the resistance to compression 
exceeds the compressing force. Therefore, furthe: 
evaporation below the shrinkage limit is not productive 
of further decrease in the volume of the soil mass 
Soil mixtures used in mud jacking are not apt to shrink 
appreciably when their shrinkage limits are equal to 
or exceed the moisture content required to give the 
mixture the desired fluidity. 

The liquid limit is the moisture content at which a 
vroove (see fig. 3) separating two parts of a divided 
soil cake is just closed by a given number of shocks. 
This test is indicative of a particular degree of stability 
or consistency of the soil. In the routine or hand 
method of test, water or soil powder as required is 
added to the soil sample until the desired consistency, 
that requiring 10 shocks to close the soil groove, is 
obtained. 

In the mechanical method (see fig. 4), the number of 
shocks required to close the groove with the soil at 
several consistencies are determined and _ plotted 
ugainst the corresponding moisture contents to form 
“flow”? curves. The liquid limit as determined by the 
hand method is the same as the moisture content corre- 
sponding to 25 shocks in the mechanical method. 
The number of shocks required to close the soil groove 
is a measure of the stability of the mixture and the 
flow curves, which are straight lines on semilog plots, 
disclose the relation between the moisture content and 
the degree of fluidity or flowabilitv of the mixtures 
see fig. 5) 

lt follows from this that the number of shocks or 
fraction of a shock corresponding to a particular mois- 
ture content on the flow curve extended becomes a 
quantitative measure of the consistency of the mixture 
at this moisture content. Therefore, all soils, at the 
moisture content corresponding to a given number of 
blows (ineluding fractions of a blow) on the flow curves, 
should have the same degree of fluidity. Consequently, 
the number of blows indicative of the fluidity of mix- 
tures required for mud-jack purposes as determined 
by tests on a comparatively few soils may serve as an 
index with which the required water content of soils 
generally may be determined. 

The ratio of the liquid limit to the clay content dis- 
closes the relative activity of the clay fraction. Liquid 
limits approximately equal to the clay content indicate 
the presence of inactive fine particles capable of form- 
ing pastes with additions of relatively small amounts 
of water. The more the liquid limit exceeds the clay 
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FigurRE 4.—MEcHANICAL DervicE FoR MAKING THE LIQUID 


Limit TEst. 


content the more the presence of undesirable gluey 
colloids is indicated. 

The ratio of the shrinkage limit to the liquid limit 
indicates the shrinkage properties of the soil. The 
smaller the shrinkage limit as compared with the 
liquid limit the greater will be the tendency for the 
soil to shrink and consequently the greater will be the 
amount of cement required to prevent the shrinkage 
from becoming objectionable. 


LABORATORY PROCEDURE ILLUSTRATED 


Table 1 gives the results of laboratory tests of four 
soils which have been used in mud-jack operations with 
various results. Sample no. S-6361 is a Virginia soil 
used in mud jacking on the Mount Vernon Memorial 
Highway. This soil was selected by an experienced 
operator because of its ability to-form a paste of the 
desired consistency pase smoothness. The other three 








TaBLE 1.—Results of laboratory tests on soils used in mud jacking 


Mechanical analysis, percentage by weight 
Slat Shrink- 
‘ . . id 
Sample no Passing) © oarse Fine Silt Clay limit age 
; * sand sand “ smaller limit 
no. 40 < vn 0.05 to 
ieve 2to | 0.25 to |p 995 mm}, that 
0.25 mm )0.05 mm ; "10.005 mm 
5-6361 a9 5 27 43 D5 »% 
5-7100 OX i) 27 5 29 7 
3-7462 99 3 10 29 48 ” 
S-7463 oe) 5 63 44 S 


Pat did not shrink in test 


FicgureE 5.—Ftow Curves or Sorts TESTED FOR SUITABILITY 
FOR Mup JAcKING. 


samples represent Texas soils, the performance of which 
is reported to have been as follows: 

That represented by sample no. S-7100 formed a 
mixture which worked well in the pump. Sample no. 
*-7462 has a high clay content and this soil could not 
be formed into a smooth paste and jammed in the 
pump. Sample no. S-7463 has a high sand content 
und formed a mixture so harsh that it ‘packed’? both 
in the pump and under the pavement. 

The absence of coarse sand in an appreciable amount 
is the only conspicuous feature common to all four 
of the soils. Samples no. S-6361 and no. S-7100 have 
somewhat similar gradings and their flow curves (fig. 4) 
are approximately parallel. Sample no S-7463 was so 
harsh that the mechanical device for liquid limit deter- 
mination could not be used. A liquid limit of 16 was 
determined by the hand method. The presence of 
gluey colloids in sample no. S-7462 made it difficult to 
obtain uniform mixtures of water with this soil even 
in the laboratory which made it necessary to determine 
the liquid limit of this soil by the hand method. 

The soil represented by sample no. S-6361 seems par- 
ticularly well suited for mud jacking and its essential 
characteristics may serve as a guide in studies of soils 
for this purpose. This soil is representative of well 
graded and thoroughly weathered topsoils with little or 
no material retained on the no. 40 sieve. It is stable 
in road surfaces in both wet and dry weather but erodes 
badly in cut or fill faces. The fine sand (27 percent) 


furnishes stability without producing harshness of mix. 
The clay (25 percent), is relatively inactive. This is 
disclosed by the low liquid limit of 26 as compared with 
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a typical liquid limit of about 36 for average soils con- 
taining 25 percent of clay. The property which causes 
this low liquid limit is responsible for the erosion re- 
ferred to above and also for relatively low shrinkage 
properties. The grading of this soil is uniform and the 
mechanical analysis, when plotted as shown in figure 2, 
approximates a straight line. (The equation of this 
line is P=38 (log d+ 3) in which P equals the percentage 
of particles smaller than the particle size d.) 

Its liquid limit is practically equal to the clay content 
and its shrinkage limit is about SL percent of the liquid 
limit This latter value IS significant because. on the 
average, shrinkage limits equal to or greater than about 
75 percent of the liquid limits are indicative of inactive 
soils in which shrinkage is not important. The shrink- 
age limit is somewhat smaller than the liquid limit, 
indicating the presence of cohesive paste-forming pal 
ticles. At present it is not known whether the slope 
of the flow curves, figure 





>, has any special significance 

The moisture content required to furnish the neces 
sary fluidity of this soil, as determined by trial in the 
mud-jack operations, was found to be about 40 percent 
without cement admixture and about 42 percent wit! 
the cement admixture. Figure 5 shows that thes 
moisture contents furnish a CONSISTENCY corresponding 
to 0.1 blow on the flow curve extended 

The effect of cement admixtures in raising the shrin 
age limit is shown in table 2. In these determinations 
the soil and cement were mixed with 42 percent 
water, molded into pats, and then allowed to dry 
constant weight No shrinkage of the pat oecurred 
when the addition of cement became equal tod percent 
of the weicht of the soil Therefore it IS safe tO AaSstnict 
that the mixture in service will not shrink when cor 
taining cement in this amount. 


TABLE 2 Effect of cement admixture 


S upon the st 
the soil 


epresented by sample no. S-636] 


Pat did no rink in te 


Upon this basis, the suggested mixture would conti! 
about 100 pounds of dry soil, 7 pounds of portland 
cement, and 45 pounds or about 5's gallons of wate: 

Sample no. 5-7100 with a shrinkage limit of 15 an: 
required moisture content of about 48 percent (vail 
corresponding to 0.1 in fig. 4) will shrink more 
soil no. S-6361 with a shrinkage limit of 21 an 
moisture content of mixture of about 42 percent. Mor 
cement would have to be added to S-7100 than to 
S-6361 to entirely eliminate the possibility of shrinkage 
Since soils S-7463 and S-7462 could not be formed into 
pastes sufficiently fluid to be tested in the liquid jit 
device it is quite evident that they are not suitable fol 
mud jack operations. In addition the low shrinkag' 


limit of 9 for soil S-7462 indicates the presenc: 0! 
objectionable colloids in dominating amounts. Thi : 
absence of shrinkage in the test of soil S-7463 sug zests 
the absence of the cohesive paste-forming fine 50! 


particles. 


Continued on page 194 | 














of Concrete 


By H. M. WESTERGAARD, Pri 


NFORMATION concerning stresses in pavements is 
needed for the purpose of establishing policies of 
design, for the purpose of imposing proper limits on 
the loads that mav be transported, and for the purpose 
of apportioning the cost of pavements to the different 
kinds of traffic, with a view toward rational taxation of 
vehicles of Various weights. The last reason has been 
a particular incentive in conducting structural studies 
of pavements during recent vears. 
Knowledge of the structural behavior of 
pavements depends on tests and theory. Results of a 
theory were reported ino a paper in) 1926.' This 
theory, in the main, was supported by the experimental 
data available at the time. It supplies answers to the 
question, What deflections and stresses may be expected 
when the subgrade is within a range of normal condi- 
tions, without unusual heaving and irregularity. This 
theory was used by the Bureau of Public Roads in 
planning a series of tests of pavement slabs The tests 
were carried out by the Bureau of Public Roads at 
Arlington, Va., in 1932. The theory, having served in 
planning the tests, will naturally also furnish tools for 
examining the results of the tests. The tests suggest 
certain adaptations of the theory. There will be needed 
results, and 


concrete 


some restatements. of analytical some 
supplementing and modification of the theory. 
MEASURES OF STIFFNESS IN THE ORIGINAL THEORY 


In the formulas used to demonstrate the original 
theory, as presented in 1926, various quantities appear 

measures of stiffness, which are assumed to be con- 
stunt in each particular case. The modulus of elas- 
ticity, #, and Poisson’s ratio, uw, of the concrete were 
introduced as constants. Furthermore, the resistance 
i! the subgrade was expressed by a quantity, £, which is 
called the modulus of subgrade reaction. This modulus 
is defined as the reaction per unit of area per unit of 
detlection, and it may be measured in pounds per square 
neh per inch; or, pounds per ecubie inch. It was ad- 
mitted that this modulus could not be expected to be an 
aciual constant of the material, expressing properties of 
the subgrade independently of the slab. But it was 
found that a rather wide variation of & led to relatively 


small variations of the stresses, and consequently the 
modulus # was introduced as a quantity which might be 
issumed to be constant for a given combination of 
slab, subgrade, and position of the load. 

Krom #, uw, &, and the thickness of the slab, , a fur- 
ther quantity was obtained, a distance /, which is called 
the radius of relative stiffness. This distance appears 
int number of the formulas and is defined by the 
Cql lon, 

I Eh 
i2(1—p*)k ies U 
eo es In Concrete Pavements Computed by Theoretical A1 by H. M 
¢ rd, Public Roads, vol. 7, no. 2, April 1926 





Analytical Tools for Judging Results of Structural Tests 


fessor of Theoretical and 


Pavements 


Applied Mechanics, Universit f Illinois, Urbana, IIl 
FORMULAS FOR THE STRESSES 
In the prey ious papel approximate formulas for 


stresses In the interior of the area and at the edge (equa- 


tions 11 and 12) were stated for the special case in 
which £=3,000,000 pounds per square inch and 

0.15 To make the theory usable in interpreting 
results of new tests, it is desirable to restate these for- 


mulas, so that they may be used for any values of / 


and \ third approximate formula, for the stress at 
au corner (equation 7), was stated for any values of 
fe and 

The following notation is used 

P load. 


1) radius of a small circle over the area of which 
P is assumed to be distributed uniformly when 
the load is at a considerable distance from the 
edges; radius of a small semicircle over the 
area of which P is assumed to be distributed 
uniformly when the load at the edge, the 
center of the semicircle being at the edge; (3 

distance of the point of application of the re- 

sultant of the load from each of the two edges 
at a reetangular corner when P is close to this 
corner (the distance from the corner being 


Is 


a ay2 
maximum tensile stress at the bottom of the slab 
directly under the load P, when P is at 
siderable distance from the edges. 
maximum tensile stress at the bottom of the slab 
at the edge due to a load at the edge. 
maximum tensile stress at the top of the slab in 
a diagonal direction due to a load at a corner. 
)) radius depending on a and h. 
The radius h rie be computed by the following 


] 


a con- 


approximate formulas (equation 8 in the previous 
paper 
h \ L.ba fi 0.675h when a 1.724h 2 
b=a when a >1.724h (3 
The set of formulas for stresses becomes: 
Stress in the interior of the area, at the bottom: 
0.275(] P Ech ) ' 
a oe) LU h: O°; ( }-h' - 
Stress at the edge, at the bottom: 
Pt Eh 
59) P oO 7 (5) 
0.529(1 + 0.54u) jal log ( a3 )—0.71 5) 
Stress at the corner, at the top: 
oF WG Gaeatg a 
0 he ] ( Eh (a2) ) =a. 
With /£=3,000,000 pounds per square inch and 


u 0.15 equations 4 and 5 give the same results as 
equations 11 and 12 in the previous paper. Equation 
6 is a transcription of equation 7 in the previous paper 
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NEW COEFFICIENTS PROPOSED 

It is proposed to introduce a new coefficient, K, de- 

fined by the relation 
A=kl : awe] 

The coefficient K, like k, will be a measure of the resist- 
ance of the subgrade. The reason for the proposal is 
the expectation “that K will be less dependent on the 
stiffness of the slab than is &. If the depressions of 
circular bearing blocks under a moderate load are 
inversely proportional to the diameter, then the prod- 
uct of the corresponding k and the diameter would be 
constant. Correspondingly, in case of the slab, it is at 
least a possibility that the product of the most plausible 
value of & times the linear dimension / will be fairly 
constant for a given condition of the subgrade. It 
appears desirable, therefore, to supplement the for- 
mulas in terms of k by a set of equivalent formulas in 
terms of K. The truth may he between the 
extreme cases of a constant / and a constant A. 

It is suggested that K be called the coefficient of sub- 
grade stiffness. It is noted that A may be measured 
in pounds per square inch. For example, k=50 
Ib. in.~* and /=30 in. give AK = 1,500 |b. in.~? 

The following relations are derived from equations 
1 and 7: 


two 


B as — Ech g) 
~ 4120-w)K--- -<-- \ 
? Eh? 

K= 0 I sa - (9) 

Kt Eh 

Ee a] =) - >> . tae 


It is proposed furthermore, to introduce a coefficient 

D, defined as 

D=kP. (11) 
or 

D=kl (12) 
and to call this coefficient the deflection modulus of the 
pavement. The reason for this proposal is the con- 
sistent occurrence of the quantity kl’ in the formulas 
for the deflections. In equations and diagrams in the 
previous paper the deflections are stated in the general 
form: 


CER - hs 


where ¢ is a pure number in each case. For example, 
when P is applied at the interior of the area of the 


slab, and the deflection z is measured directly under 
the load, equation 14 in the previous paper gives 
1 . ms . ; 
c=¢9. In this case, if the pavement is considered 
a spring, 8k? is the modulus of the spring. With 
D introduced, the deflections will be restated as 
P 
Z=C Fy --- ; wiaiacnrieneee 
The following further relations involving D are 
derived from the preceding equations: 
Pau —— 8/ ERB Ke 
D = 5 
V 120-5 ~ Vi2a—,5 -------Y9 
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RESTATEMENT OF THE FORMULAS FOR THE STRESSES IN TERMS 
OF THE NEW COEFFICIENT OF SUBGRADE STIFFNESS 


Since 1— nu? does not vary a great deal, this quantity 
may be computed as if u« were constant, equal to 
0.15, which gives 1—y*=0.9775. Then equations 4 


and 5 may be restated as follows by use of equation 
10: 


Stress in the interior of the bottom: 


( z ) 0.089 | 19 


the area, at 


r h l 
1(1l+uyu j2| oso (5) te log, 


Stress at the edge, at the bottom: 


4u) j:| Hoel F) 


+ slog dz K 2) 2666 |. eee 20 


The stress at the corner, at 
restatement of equation 6, 


1— uw) KY | 
pis) (ay? | ” 


CONSTANTS FROM 


o,;=1. 


o.=2.117(1 


the top becomes, by 


DERIVATION OF THE TESTS 

Six quantities assumed constant under given condi- 
tions occur in the equations which have been stated 
E, kk, K, D, and /. Since a variation of Poisson's 
ratio, u, has only a relatively small influence, it is suffi- 
cient to know an approximate value of gu. Ther 
remain then the five quantities /, k, K, DV, and /. Li 
two of them can be determined to begin with by a direct 
examination of experimental data, then equations WI 


be available by which the remaining three may be 
computed. Table 1 shows what equations are to | 
used. 
TABI E l Ae if he computations of . of the constants I 

andl from the remaining 


Known beforehand ( 


ymputation by equatio 
E and k K by (10), D by (15 by Q 
Eand Kk k by (10), D by (15), l by (8 
Eand D k by (16), K by (17), i by (18) or 
FE and | by (1), K by (9), PB by (18) or 
D and Et 8), k by (11), K by (12 


The modulus of elasticity, , may be obtained \ 
reasonable degree of certainty from tests of eylinders 


and control beams. The deflection modulus, VL, V 
be obtained from observed maximum deflections 
equation (14), with the values of ¢ as given in the pre- 
vious paper. The radius of relative stiffness, /, appears 
as a unit of the horizontal scales in the diagrams 0! 


deflections in the previous paper, and may be obtained, 
by comparing the diagrams of defle ns 


therefore, 




















PUBLIC 


December 1933 


observed at a series of points with the diagrams of 
deflections in the previous paper. By fitting both the 
horizontal and the vertical scales of a theoretical dia- 
cram of deflections of a series of points to the corre- 
sponding diagram of observed deflections, so as to make 
the two curves coincide as nearly as possible, D and / 
may be determined together. 

When strains have been measured, and / and yp are 
known approximately, the corresponding stresses may 
be computed from the strains. It would seem possible 
thereafter to compute & or AK from equations 4 to 6 or 
19 to 21. Inspection of these equations shows, how- 
ever, that values of / and A determined in this way will 
be very sensitive to small variations of the stresses 
It appears preferable, therefore, to assign various 
definite values to & or A and thereafter compare the 
experimental and analytical results. 

In dealing with the stresses it is to be remembered 
that o,; and o, are tensile stresses at the bottom of the 
slab. With small values of the radius, a, the compres- 
sive stresses at the top must be expected to show a 
somewhat greater concentration and therefore vreater 
maximum values than would be found for the corre- 
sponding tensile stresses at the bottom. 


SUPPLEMENTARY THEORY BASED ON REDISTRIBUTION 


SUBGRADE REACTIONS 


OF THE 


This supplementary theory is limited to the case of a 
load applied in the interior of the area of the slab. In 
the original theory the reaction of the subgrade per unit 
of area at each point was assumed to be proportional to 
the deflection of the slab at that point. If the subgrade 
aets as a continuous body, it is to be expected that the 
reactions of the subgrade will be more closely concen- 
trated around the load than are the deflections. 
Accordingly a set of corrections of the deflections will 
be introduced which may account for a redistribution 
of the reactions with an increase of the reactions neat 
the load and a decrease of the reaetions at 
distances from the load. 

The following notation is used: 

r radial distance measured horizontally from 
the point of appheation of the resultant 
of the load P. 
LL maximum value of r within which adjust- 
ments are made. 
deflection according to the original theory. 
superimposed supplementary deflection. 
2 ’—resultant deflection, 
values of 2’ and 2’’ at the point (). 
kz reaction per unit of aren according to the 
original theory. 


cvreater 


7 supplementary reaction per unit of area, 

accounting for the deflection 2’ 
h>+-q=resultant reaction per unit of aren, 

q, — Value of g at r= 0. 

€ strain at the bottom of the slab at» 0 due 
to the deflection 

o’;=supplementary stress at the bottom of the 
slab at r— 0, corresponding to the deflec- 
tions 

a” o,to'; resultant stress at the bottom of 
the slab at r=0, o; being defined by 
equation 4 or equation 19. 
aa 

z ratio of reduction of the maximum 


deflection. 
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The following formulas are proposed for the supple- 
mentary deflections 


l 


s / , 99) 
( l RP) when r<L. ~=(22) 
O whet f > Li. 6c. (23) 


Instead of the power 10 some other power might be 
used, but the power 10 appears to be suitable. A plaus- 
ible value of L may be 5/ 
The deflections 2’ are caused by the reactions q,W hich 
may be interpreted as loads taken positive upward. 
According to the theory of slabs * the upward load per 
units of area, that is, the reaction, may be stated as] (] 


Eh 
algae 24) 


in which A is the opt rator Mr and y being rec- 


b 
oy” 
tangular coordinates. In the present case it is prefer- 
able to use the equivalent expression for A in terms of 


A 


the radius vector ? namely, 
‘ ad l d 5) 
— ] dr - 
Equations 22, 24, and 25 give 
Vo me “al 
q=t IS Ab l .) J 26) 
{ 1 ¥ he )( I? 
in Which ¢;, the value directly under the load, is 
240 Eh3z’, 
Sc 
1 — yu?) L ‘isl 


It is noted that the integral of g over the whole area is 


zero. That is, the total vertical force added to P is 
zero, and the reactions are merely redistributed. 
The curvature of the slab in any direction, at r=0, 
due to the supplementary deflections 2’, becomes 
d?~' 22’ 
: : 28 
di ss 


The corresponding strain the bottom of the slab is 


10) 
F IQ 
L . 
and the corresponding ress 1s 
10 fe] : 
; I: yO) 
By use of equation 18 this stress is restated as 
120(1 + p)D2’ fl? 
(7) Ps 


The deflection directly under the load according to 


the original theory is given by equation 14 in the 
previous paper, and ts 
Pl 
32) 
RJ) x 
2 See, for example, paper, ( itatior f stresse n Bridge Slabs Due to 
Wheel Loads, by H. M. Westergaard, Public Road March 1930, 
especially equations l 1 
See, for example, A. ar I | rang und Zwang, vol 2d edition, 1924, 


p. 174, equaticns 85 and 
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It wil be expedient to express the supplementary 
deflection at the same point in terms of a ratio of 
reduction Z, as 
P 
i Tn 7 
2 “Lz ZT) 


Then the resultant deflection directly under the load 
becomes 


ea we Ee a 
Z 2 l Z) 1) 34 


»») 


Equations 31 and 33 give 


, l51+p)ZP7l si 
53 (7) 3 


The resultant maximum stress at the bottom of the 
slab is o”’ o oa’ With the stress o expressed by 
equation 4 or 19 one finds the resultant stress, 


” — P Teh 2 / a ain 
o O.275(1 1) jaf Howl Zi ) 54.54 ( 1) 4 36 
in terms of k, or 
me F h | Dy 
g Li1+uyu 1 loz 5 slogi ze) 
( 


oy: oe 
1) ) oa 
in terms of A. 


In interpreting the results of tests the new equations 


So L 
Values of Z and 7 are esti- 


0.089 — 13.64 


may be used as follows: 


; aa 
mated (for example, yo The diagram for 


>’ is drawn by use of Figure 4 in the previous paper and 
by use of equations 22 and 33. With Z and } chosen 


within proper ranges this diagram should correspond in 
shape to those obtained experimentally for a series of 
points. A comparison of the experimental and theoret- 
ical diagrams of deflections for a series of points will 
lead to a determination of J) and /. Then / may be 
computed by equation 18, and & or A by equation 11 
or 12, respectively. Finally the stress at the bottom of 


the slab may be computed by equation 36 or 37, and 


| 
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the computed values may be compared with those ob- 
tained experimentally. It is noted that with a chosen 


value of 7 a variation of Z will cause different propor- 


tional variations of the computed deflections (equation 
34) and stresses (equation 36 or 37). After some adjust- 
ments of the estimated values of Z and L it should be 
possible to establish a fair agreement between the com- 
puted and observed values of deflections and stresses 
and the value of / obtained yy tests of eyvlinders Ol 
control beams 


EXTREME CASE IN WHICH THE SUBGRADE IS ASSUMED TO ACT AS 
A SOLID WITH CONSTANT MODULUS OF ELASTICITY 


The preceding theory Tay be applied in the study ol 
this special case The problem Is to determine Ez, and Z 
so that the deflections of the subgrade due to the load, 
k>+q, will agree fairly closely with the deflections, 2’’ 
of the slab Except for the possibility of a local heay- 
ing of the subgrade directly under the load, the value 
of Z determined in this way may be assumed to be the 
upper limit of Z The case Is of interest for this reason 
The value Z—0 may be assumed to be a lower extreme, 
except for the possibility of a low or soft spot in the 
subgrade directly under the load. 

An wpproximate analysis was made under the as- 
sumption that the subgrade has a constant modulus 
of elasticity In compression, fe., and a constant Pols 
This analysis cave the results. 

KE 

0.1242 3S 
: 2 

By substituting these values of Land Z in equations 34 
and 37 one obtains, for the particular case, 


, 


D 


son’s ratio, u 


L=H,2Z 


0.3906, A 


O.07617 


and 


ry P h | ki 
o rat u j los ( ,) alog (7) O.302 | 4() 


The maximum reaction per unit of area was found to be 
, ) 


0.390 7 instead of 0.125 yp. as obtained in the origin: 


theory , 

Under actual conditions it must be expected th 
0< Z< 0.39 Then equations 34 and 37 will apply il 
stead of equations 39 and 40 























AN IMPROVED RECORDING STRAIN GAGE 


Reported by L. W. TELLER, Senior Engineer 





FIGURE 1 EARLY 


Typr ¢ 


k\ KERAL Vears ago there was developed in the 

Division of Tests i small recording strain 

designed primarily for the determination of stresses 
in conerete structures. This gage, which has been de- 
scribed in detail elsewhere! was about 6 inches in length, 
of small cross section, emploved a single bell-crank 
lever giving a multiplication ratio of about 60 to 1, and 
recorded on a smoked olass slide. It is shown in figr- 
ure | 


wace 


Subsequent to its development, extensive use was 
made of the instrument in a number of research projects 
dealing with stress conditions in concrete structures.” 

Experience with the gage on the projects mentioned 
demonstrated the value of a strain gage of this size and 
tvpe and indicated certain defects in the existing de- 
sign, the elimination of which would improve both the 
quality of the data obtained and the mechanical func- 
tioning of the instrument. For example, the original 

age was built with the gage body of brass, a metal 
woorly suited to the purpose because its high conductive 
nd high expansive properties made the gage very sen- 

tive to thermal changes. Mechanically there were 
diffeulties with the manipulation of the slide on which 
the record was made and with the functioning of the 

lerum of the bell-crank lever. Fundamentally, the 
principle of the gage appeared to be satisfactory and 
with the idea of overcoming the temperature and 
inechanieal troubles mentioned above the instrument 
Was completely redesigned, retaining the principle of 
the original gage but introducing new materials and 
hew mechanical features wherever it appeared that 
these would improve the functioning of the instrument. 
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cKet Strain Gage Crives stresse n ( 
ews-Record, Mar. 29, 1923 
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RECORDING STRAIN G 


Several gages were built according to the new design 
and these have now been in use for more than a vear. 
Careful calibration tests and a very considerable 


amount of field work with these improved gages indicate 
that the objects sought in the redesign have been largely 
uttained since a satisitactory gage of this tvpe can be 
put to many it thought that a complete 
description would be of interest. 


uses, 


was 


ceneral 
TEMPERATURE EFFECTS IMPORTANT IN DESIGN OF STRAIN GAGE 


Changes in temperature cause dimensional changes 
in most materials, and probably the most serious diffi- 
culty usually encountered in making strain measure- 
ments is the separation of the linear changes due to 
stress from those which are caused by thermal changes 
either in the material being stressed or in the gage itself. 
In the case of measurements in concrete, the thermal 
changes in the material take place rather slowly because 
of the low thermal conductivity of the concrete, and the 
dimensional changes in 
spondingly low rate 


the material occur at a corre- 
Unless the stressing of the con- 
crete is extended over a period of time sufficient to per- 
mit the concrete to change in temperature by about one 
degree centigrade or more the effect of temperature on 
the material does not ordinarily have to be taken into 
account. The rapidity with which the metal in the 
gage itself responds to thermal changes makes the effect 
of such changes on the dimensions of the gage an impor- 
tant consideration in the design, the ideal design being 
one in which complete compensation for the effect of 
changes in gage temperature is provided. 

As prey iously noted the original gages were built with 
bodies of brass. This metal is highly conductive and 
has relatively a hich coefficient of thermal expansion 
(about 0.000019 per degree centigrade). The result is 
that a gage built of brass would change temperature 
very quickly and the changes in the length of the gage 
would be relatively large. For example, if one as- 
sumes that the modulus of elasticity for concrete is 
4,000,000 pounds per square inch it is apparent that the 
elongation of a brass gage due to a temperature rise of 
1° C. would equal the elongation of the concrete due 
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FIGURE 3. SHOWING THE 
to a tensile stress of 76 pounds per square inch. This is 
approximately one fifth to one fourth of the ultimate 
strength in tension of the concrete; and when one con- 
siders that variations of several degrees in the tempera- 
ture of the air surrounding the strain gage are not un- 
common, the seriousness of this temperature effect is 
evident. 


DESCRIPTION OF IMPROVED GAGE 


Three views of the redesigned instrument are shown 
infigure2. Figure3 is a diagram illustrating the manner 
in which the gage functions, and figure 4 is a ‘‘ phantom”’ 
sketch showing in perspective the relative positions of 
the essential parts of the instrument. 

The gage consists of three major parts—a gage body 

A) on which is mounted a bell-crank lever (B) and a 
slide carriage (C). In one end of the gage body there 
is a freely sliding pin (D), the outer end of which is 
conical and rests in one of the gage points, while the 
inner end is a plane surface which bears against the 
knife edge of the stud or post (E). The latter is 
fastened rigidly to the bell-crank lever and moves freely 
in the oversize hole in the gage body. The distance 
from this knife edge to the fulerum plate or spring hinge 
(F) constitutes the short arm of the bell-crank lever, 
while the long arm is formed by the two metal rods (G) 
carrying the stylus point (H). This stylus point bears 
against * the smoked surface of a small glass plate (1) 
mounted in the slide carriage. After each record is 
made this carriage is moved along the body of the gage 


OF MOTION OF THE 


MECHANICAI 


TWO ARMS OF THE 
BELLCRANK LEVER 





SLIDING PIN(D 


VARIOUS 
IS INDICATED BY THE 


FUNCTIONING OF THE GAGE. 

by rotating the capstan nut (4) on the threaded portiot 
of the gage body. An adjustable conical point (kh 
in the end of the gage body nearest to the slide carriag: 


rests in the other gage point 


OPERATION OF GAGE DESCRIBED 


In use the gage is placed between the gage points a 
shown in figure 5 and the length is adjusted until th: 
ends of the gage rest firmly in the gage points and thx 
stvlus point is In a position about half-way across thi 
glass slide. In this position either tensile or compres- 
sive deformations can be measured 

When a change in the distance between the cag 
point occurs, the shding pin D moves longitudinall 
in the gage body and this transletion causes a rotation 
of the stud (FE) about the fulerum. This stud being 
part of the bell-crank lever, a corresponding motion 
the stylus point across the glass slide occurs, the 1 
nitude of the two displacements being in the ratio 
the lengths of the respective arms of the bell 
lever, or about 60 to 1. This movement of the sty|us 
point produces a trace in the smoke film on the gluss 
and the length of this trace obviously bears a di 
relation to the change in distance between the vase 
points. After the recording of the deformation |ia- 
been completed the capstan nut (J) is rotated, moving 
the slide carriage longitudinally to a new position. 

Twenty or more records can be made on one g!ass 
slide. The appearance of two typical 


Cc omp! ted 


records on the glass slide is shown in figure 6. 
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FIGURE 4 


PHANTOM SKETCH, SHOWING RELA 
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FiGURE 5.—IMPROVED Tyre oF ReEcORDING STRAIN GAGE MOUNTED BETWEEN GAGE Pornts. View Looxinc Down on Top 
OF INSTRUMENT 

miaterial changes in) dimension when subjected to 

temperature changes; and in order to compensate 





GURE 6.—COMPLETED STRAIN-GAGE ReEcoRDS. THESE SLIDES 
Have BEEN Fixep anp ArE READY FoR MEASUREMENT OF THI 
LENGTH OF THE DISPLACEMENTS IN THE DIRECTION 


PERPEN 
ICULAR TO THE LONG AXIS OF THE SLIDE. 


COMPENSATION FOR THERMAL EXPANSION DEVISED 


In designing the gage it was decided to reduce the 
thermal expansion to a minimum through the use of 
the steel-nickel alloy known as “Invar.’”’ This material 
has a guaranteed coeflicient of thermal expansion of 
not to exceed 0.8 107° (or about 4 percent of that 
of brass). The entire gage body from one gage point 
to the other is made of this metal. But even this 


within the gage for such changes the stvlus arm was 
designed with two me tal rods having slightly different 
coefficients of thermal expansion and so spaced as to 
curve the stvlus arm to an extent sufficient to com- 
pensate for the rotation of the bell crank caused by 
the expansion or contraction of the gage parts. While 
it would probably have been possible to compute the 
length and spacing of these rods, it was found better 
in this instance to adjust these dimensions by trial 

To do this the frame shown in figure 7 was built. 
A steel having a known coefficient of thermal expan- 
sion was used for the purpose. As will be noted in the 
photograph the side members are hollow and contain 
two mercurial thermometers. The gage was mounted 
between the cross members of the frame. A wooden 
box which provided a support for the frame and 
served to maintain a uniform temperature around it 
completed the apparatus 

With the strain gage in the frame, the whole was 
subjected to changes in temperature greater than would 
be encountered in the normal operation of the gage 
and from the data obtained the error due to gage 
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FicgurE 7.—STEEL FRAME USED FOR DETERMINING THE EFFECT 
OF CHANGES IN THE TEMPERATURE OF THE STRAIN GAGE AND 
FOR ADJUSTING THE BIMETALLIC ARM. 








expansion was determined. The compensating feature 
of the stylus arm was adjusted, by trial, until the 
length of the trace in the smoke film on the strain-gage 
slide was that corresponding to a change in gage 
length equal to the expansion (or contraction) in the 
steel frame. 

While perfection was not attained in this adjustment 
the compensation feature has reduced the error arising 
from temperature changes in the gage to a point where 
it is negligible for the usual operating conditions under 
which the gage is used 


OTHER IMPROVEMENTS MADE 


As will be noted by reference to figures 2, 3, and 4 
the bell-crank lever operates about a plate-fulerum or 
spring hinge. The substitution of steel for brass in 
the supporting parts for this steel spring hinge appar- 
ently has eliminated a trouble which was frequently 
had with the original design, caused by the separation 
of the spring from the supporting metal near the ful- 
crum point. Such separation resulted in a slight shift- 
ing of the flexure point of the spring and a correspond- 
ing change in the magnification ratio of the gage. 

The slide carriage used on this gage is new. The 
glass slide is mounted between bronze spring clips 
which are fastened to the sides of the slide carriage. 
The carriage itself slides over the threaded portion of 
the gage body, being kept from rotating by a spline 
which slides in a keyway in the body of the gage. This 
is shown clearly in figure 2. A capstan nut ‘threaded 
on the gage body operates in a rectangular notch in the 
extended end of this spline. Rotation of the nut moves 
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it along the gage and draws with it the spline and the 
slide carriage to which the spline is attached. 


CALIBRATIONS MADE ON SPECIAL MACHINE 


For the calibration of these gages and similar linea: 
measuring instruments, the special calibrating device 
shown In figure S was designed and built. 

It consists of a cast-iron base Carry ing three pedestals 
In the pedestal at the right (see fig. 8S) there is a sta- 
tionary cylindrical steel block which may be adjusted 
horizontally to any desired position and clamped. In 
the pedestal at the left is a long nut into which 1s 
threaded a precise micrometer screw. This screw ts 
provided with a graduated drum reading directly to 
0.0001 inch and a knurled operating knob at its outer 
end. Its inner end is finished with a plane surface of 
hardened steel The combination of serew, nut, and 
graduated drum was calibrated for accuracy of displace- 
ment indication by the National Bureau of Standards 
and the errors determined to the nearest one hundred 
thousandth of an inch 

In the center pedestal is a movable steel block of 
triangular cross section which slides longitudinally in 
V bearings under the action of the micrometer screw 
The movable block is fitted with a spherical surfac 
where it makes contact with the end of the serew 
This block is kept seated in its Vo guides by spring- 
pressed rollers which bear on its upper surface. A firm 
contact between the block and the micrometer screw 
is maintained by means of a suspended weight which 
exerts a longitudinal pull on the movable block through 
a flexible ribbon operating over a pulley. 

In use the gage to be calibrated is mounted between 
the fixed block and the movable block as shown in 
figure 8. The movable block is then displaced hori 
zontally definite amounts by means of the micromete! 
screw, the amount of the displacement being determined 
by the graduations on the drum. After each displace- 
ment the glass record slide on the strain gage is moved 
ahead to a new position. It has been customary t 
use displacement increments of five ten-thousandths o 
an inch, to repeat 
have each gage 
operators 

The glass slide on which the record is made is coate: 
with a light smoke fil After the record is complet 
and such identifving numbers as are desired have bee! 
marked in the film, the record is fixed by a coating o 
copal gum dissolved in acetone These records (se 
fig. 6) may be measured satisfactorily in either on 
of two ways. The length of the trace seribed by t! 
stvlus point may be me: — directly with a measuri 
) ni icroscope or a linea comparator, or the glass sli 

may be aantel a projection apparatus and 
enlarged image thrown on a screen containing recta 
gular coordinates by means of which the length of t! 
projected trace Is measured While both methods ha 
been used in the work of the Bureau of Public Roa 
the latter method hes been found more convenie 
For this work a projection apparatus was built, 
magnifving device being an ordinary laboratory mi 
scope. This projector gives a magnification of app! 
imately 30:1, which, combined with the gage magni!i- 
cation of about 60:1, gives a total magnification 0! 
about eighteen hundred times the original displacemen | 
Figure 9 is the calibration curve of one of thes 
gages, the true displacement and the length of the 


calibrated independently by tw 





each setting several times, and to 
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projected record on the strain gage slide being used as 
the coordinates The multiplication ratio is constant 
and for this particular gage is shown to be slightly 
less than 58:1. 


PERFORMANCE CHARACTERISTICS ARE SATISFACTORY 


The accuracy of strain determination possible with 
this gage depends principally on the accuracy with 
which the travel of the stylus point in the smoke film 
‘an be measured. This in turn depends upon the 
sharpness of the record left by the stylus. The smoke 
film is a layer of carbon which is scraped aside by the 
stylus as it moves across the slide. Some of the carbon 
piles up ahead of the stylus and remains in a minute 
heap at the end of the trace. The blunter the stylus 
point and the thicker the smoke film the broader will 
he the record, the larger will be this heap, and the more 
lifficult will be the determination of the true distance 
traveled by the point. Hence, the accuracy the 

leusurement can be considerably increased if the stylus 
int is kept sharp and if the smoke film on the glass 
lide is made as thin as possible. 

If these two points are given attention the record 

ill be clearly defined and its length, when projected 
on the sereen, can be measured with certainty to the 
nearest 0.05 inch. Then, since the gage length is about 
} inches and the combined magnification of the strain 

ve lever and of the projection apparatus is approxi- 
nately 1800:1, the least unit deformation which could 

0.05 
1800 * 6 


Ol 


he measured definitely would be or 0.0000046 


inch per inch. 

In concrete, if we assume a modulus of elasticity of 
+.000,000 pounds per square inch, this deformation 
corresponds to a unit stress of 18 pounds per square 
Inch. In the work which the Bureau has done with 
these gages it has been considered that the stress deter- 
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minations were probably accurate to 20 or 25 pounds 
per square inch 

The consistency of performance can best be illustrated 
by the following table, which shows the measured 
length of projected record for 24 repetitions of a total 
displacement of 0.0010 inch 

The average of the 24 measured lengths is 2.015 


inches. The maximum deviation is 5.7 percent, the 
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average deviation is percent, and only 3 observa- 
tions (tests nos. 3, 15, and deviate more than 2 
percent from the mean of the group of 24. 

Up to the present time the strain gages have been 
used entirely for the measurement of strains induced 
in concrete pavement slabs by slowly applied loads and 
no study has been made of their behavior when sub- 
jected to the sudden deformations caused by impact 
loads. It is planned to make such a study later. 
Under the conditions noted, many thousands of meas- 
urements have been made and the behavior of the gages 
throughout the work has been highly satisfactory. 


Continued from page 184 


SUMMARY 


In conclusion, attention is called to certain practical 
considerations of the problem as regards (a) the mois- 
ture content required to furnish the desired fluidity 
and (6) the definition of detrimental shrinkage. From 
the foregoing discussion it may be inferred that the 
desired consistency of mix is furnished by only one 
moisture content which must be determined with a 
high degree of exactness. It seems likely that pastes 
having the low consistency required in mud-jack work 
may be equally suitable with moisture contents varying 
within a range of 5 percent or more. 

A water content of 42 percent has been suggested for 
the mixture using soil S-6361 but in practice the con- 
sistency of mix is determined by the operator on the 
basis of visual inspection. Successive batches prob- 
ably had moisture contents varying from about 40 to 
45 or 46 percent and all appeared to work equally well. 
An experienced laboratory worker, on the basis of 
visual inspection, would not be able to determine more 


accurately the moisture required to furnish equal 
consistency in several mixtures made from the same 
soil. 


If the flow curve can be used to indicate the required 
moisture content within possibly 5 percent, its use for 
the purpose proposed is warranted. Whether the opti- 
mum water content for all soils is that corresponding 
to 0.1 blow, as was the case for soil S-6361 must be 
determined by additional investigation. 

It is known that detrimental shrinkage cannot occur 
when the shrinkage limit is equal to or greater than the 
moisture content of the mixture. It is not known how 
much the shrinkage limit can be below this moisture 
content and still avoid harmful shrinkage. 

A 7-percent portland cement admixture completely 
eliminated the possibility of shrinkage of paste made 
with soil S-6361 and this is desirable whenever it can 
be accomplished. As a matter of fact, had this paste 
contained as much as 49 percent of moisture it would 
not have shrunk on loss of moisture since the shrinkage 
limit of the mixture with 7 percent of cement was 49. 
However, soils of the excellent character of S-6361 are 
not available in many parts of the United States. In 
some cases it may be impractical to add enough cement 
to the soils which must be used, to completely eliminate 
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TABLE 1 Calibration data for gage no. 8; true displacement 0.0010 
ncn 
— Length , . Length om Lengt 
res ; of record ~ of record Pest no x4 recor 
Inche Inche Inche 
2.000 4 » OOO 17 2 On 
2 2. 050 10 2? O25 Is 2 O50 
; 1. 850 2 O25 YW 2.050 
4 2. 000 2 2. 025 20 ». 000 
2. 050 13 2. 050 | 2 
6 2.050 14 2.050 || 22 2, OM 
7 2. 050 15 1. ¥OO 23 » OM 
Ss 2. 050 16 000 24 “ 


all possibility of shrinkage. However, a conception of 
the basic physical requirements of pastes for use in 
mud jacking and a knowledge of the simple laboratory 
tests for disclosing the properties of soils and soil mix- 


tures will assist materially in the selection of the best 
soils at hand. 

A laboratory investigation of this character should 
include the following steps: 

1. Hydrometer method of analysis to determine the 
grading. 

9 


2. Determination of the flow curve of the soil without 
admixture to furnish the liquid limit and give some idea 
of the moisture content at 
mix. 

3. Determination of the shrinkage limit correspond- 
ing to several admixtures of cement to determine the 
effect of cement in reducing the shrinkage of the mix 
on loss of moisture. 

For all practical purposes it can be assumed that the 
mixture with the cement admixture will require several 
percent more moisture than that of the soil and water 
without the admixture 

The possibilities of soil admixtures for improving the 
grading of soils should not be overlooked. Other mate- 
rials which have been suggested as admixtures in soil 
stabilization * may be found useful. 

It may be found impractical to eliminate all shrink- 
age by admixture of portland cement and possibly fin: 

sand but the tests will show which mixtures ean b« 
most easily improved by such means and consequently 
which soils of a group are apt to make the best mixtures 

It is safe to assume that all soils which the suggested 
laboratory tests show to have the same characteristics 
as soil 5-6361 are physically the same and napa 9g 
should duplicate the good pe rformance of this soil 1 
mud jacking. We are not in a position, however, t 
say how far the characteristics of scils may vary fro1 
those of S-6361 and still be suitable for mud jacking. 

The four soils described in this report illustrate th: 
great variation which may exist in the character o! 
souls selected for mud jacking by visual inspection o 
the basis of our present knowledge of the subject 
They emphasize the need for additional informati 
regarding the character of such and tests { 
properly identifying them 


the desired consistency of 


souls 


See subgrade soil studies, } s 
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